The 5-HT2A serotonin receptor is the most abundant serotonin receptor subtype in the cortex and is predominantly expressed in pyramidal neurons. The 5-HT 2A receptor is a target of several hallucinogens, antipsychotics, anxiolytics, and antidepressants, and it has been associated with several psychiatric disorders, conditions that are also associated with aberrations in dendritic spine morphogenesis. However, the role of 5-HT 2A receptors in regulating dendritic spine morphogenesis in cortical neurons is unknown. Here we show that the 5-HT 2A receptor is present in a subset of spines, in addition to dendritic shafts. It colocalizes with PSD-95 and with multiple PDZ protein-1 (MUPP1) in a subset of dendritic spines of rat cortical pyramidal neurons. MUPP1 is enriched in postsynaptic density (PSD) fractions, is targeted to spines in pyramidal neurons, and enhances the localization of 5-HT 2A receptors to the cell periphery. 5-HT2A receptor activation by the 5-HT 2 receptor agonist DOI induced a transient increase in dendritic spine size, as well as phosphorylation of p21-activated kinase (PAK) in cultured cortical neurons. PAK is a downstream target of the neuronal Rac guanine nucleotide exchange factor (RacGEF) kalirin-7 that is important for spine remodeling. Kalirin-7 regulates dendritic spine morphogenesis in neurons but its role in neuromodulator signaling has not been investigated. We show that peptide interference that prevents the localization of kalirin-7 to the postsynaptic density disrupts DOI-induced PAK phosphorylation and spine morphogenesis. These results suggest a potential role for serotonin signaling in modulating spine morphology and kalirin-7's function at cortical synapses.
D
endritic spine morphogenesis is an important component of structural plasticity in the mammalian forebrain. Changes in dendritic spine shape, size, and number underlie synaptic functional changes and accompany neuronal development, learning and memory, and behavior (1) . Additionally, abnormal spine morphogenesis has been associated with many neurodevelopmental, neuropsychiatric, and neurodegenerative diseases, suggesting the importance of appropriate development, plasticity, and maintenance of these structures to neuronal function (2) . Spine morphogenesis relies on alterations in the actin cytoskeleton, but the molecular mechanisms that regulate this process are just beginning to be uncovered. The role of neuromodulators, in particular of serotonin, in spine remodeling is not well understood.
The 5-HT 2A receptor is the most abundantly expressed serotonin receptor subtype in the cortex, and it is predominantly expressed in pyramidal neurons (3) (4) (5) . It is a target of several hallucinogens, antipsychotics, anxiolytics, and antidepressants, and it has been functionally and genetically associated with schizophrenia, autism, attention-deficit/hyperactivity disorder, and affective disorders (6) (7) (8) (9) (10) (11) . 5-HT 2A receptors are expressed late in development, coinciding with the period of synaptogenesis (12) , and localize to dendrites, dendritic shafts, and dendritic spines (4, 13, 14) . Serotonin (5-hydroxytryptamine; 5-HT) regulates spine density in the hippocampus in both developing and adult animals (15) , and treatment with the selective serotonin reuptake inhibitor fluoxetine increases spine density in the CA1 and CA3 regions of the hippocampus (16), suggesting a role for 5-HT signaling in spiny synapse morphogenesis. There is some evidence suggesting that the 5-HT 2A receptor may play a role in regulating synapse number in embryonic chick spinal cord (17) , but whether 5-HT exerts control over synaptic structural plasticity in mammalian cortical neurons through 5-HT 2A receptors is unknown.
Kalirin-7, a brain-specific guanine nucleotide exchange factor (GEF) for the small GTPase Rac, is a major regulator of dendritic spine morphogenesis in pyramidal neurons (18) . Kalirin-7 is enriched in the postsynaptic density of excitatory synapses in the mammalian forebrain, and its activation enhances Rac activation, p21-activated kinase (PAK) phosphorylation, dendritic spine maintenance and morphogenesis, and AMPA receptor trafficking (19) (20) (21) . Kalirin-7 interacts with several synaptic protein complexes in neurons, including complexes associated with EphB receptors (21) , NMDA receptors (20) , and N-cadherin (22) . The PDZ-binding motif located on the C terminus of kalirin-7 mediates its interaction with PSD-95 (20) , and may allow it to interact with other PDZdomain-containing proteins (19) . However, the regulation of kalirin-7 activity by protein complexes associated with neuromodulators such as 5-HT is unexplored.
In this study we tested the hypothesis that 5-HT 2A receptor signaling influences synaptic structural plasticity in the cortex. We show that short-term activation of the 5-HT 2A receptor modulates dendritic spine morphogenesis in cortical pyramidal neurons via a kalirin-7-dependent mechanism.
Results

5-HT2A Receptors Are Present in a Subset of Spines and Colocalize with
Synaptic Proteins. Ultrastructural studies have found 5-HT 2A receptors in dendrites, dendritic shafts, and dendritic spines of cortical and hippocampal neurons in rats and in primates (4, 14) . In cultured rat cortical pyramidal neurons, both endogenous ( Fig. 1A) and exogenous flag-tagged 5-HT 2A receptors (f-5-HT 2A ) (Fig. 1B) localized to the somato-dendritic compartment, as previously reported (23) . In individual cortical pyramidal neurons, both endogenous 5-HT 2A and exogenous f-5-HT 2A were targeted to intracellular endomembrane structures in the soma (ie), and were present in distinct clusters in spines (sp) and dendritic shafts (ds) along the apical dendrite ( Fig. 1 A and B) . Enrichment of f-5-HT 2A in spine heads was substantiated by line scans of f-5-HT 2A immunofluorescence across a spine and adjacent shaft (Fig. 1C) . Localization of f-5-HT 2A to dendritic shaft (ds) and spines (sp) was confirmed with co-expression of GFP (Fig. 1D) . Endogenous 5-HT 2A receptors also partially colocalized with the presynaptic marker bassoon (Fig. 1E and Fig. S1 A) , indicating a synaptic localization.
The PDZ binding motif (X-Ser/Thr-X-Val/Ile/Leu-COOH) of the 5-HT 2A receptor is critical for its interaction with PSD-95 in hEK293 cells and neurons (23, 24) . In agreement with recent studies, endogenous 5-HT 2A receptors partially colocalized with PSD-95 in cortical pyramidal neurons (25) (Fig. 1E and Fig.  S1B ). As PSD-95 content has been show to be proportional to spine size (26), we quantified synapse content of 5-HT 2A as a function of PSD-95 puncta area (Fig. 1 F and G) . The majority of synapses that contained 5-HT 2A were smaller than the mean PSD-95 puncta area (57.5% of synapses were smaller than 0.485 m 2 ) (Fig. 1G) . In a similar manner, we classified dendritic spines that contained 5-HT 2A according to dendritic spine area, designating spines smaller than 1.0 m 2 in area as ''small'' spines, and spines larger than 1.0 m 2 as ''large'' spines. Of the spines that contained 5-HT 2A receptors, a larger proportion (69.8%) of these spines were small, with areas less than 1.0 m 2 ( Fig. 1 H  and I ). These data indicate that in cultured cortical pyramidal neurons, 5-HT 2A receptors are present in synapses of a subset of dendritic spines that are small in size.
MUPP1 Is Enriched in Cortical PSD Fractions and Localizes to Synapses
in Pyramidal Neurons. In pyramidal neurons MUPP1 has been shown to be present in spines and to interact with synaptic proteins (27) ; however, its localization has not been explored in cortical neurons. To further examine MUPP1's synaptic localization, we performed a subcellular fractionation of rat cortex, and found that MUPP1 was enriched in the membranous and cytoskeletal P1 and P2 fractions, as well as in crude synaptosomes (Fig. S2 A) . In mature cultured cortical neurons, endogenous MUPP1 colocalized extensively with PSD-95 (Fig. S2B) , with bassoon ( Fig. S2C) , and with kalirin-7 in a subset of spines ( Fig. S2 C and D) .
MUPP1 Enhances the Localization of the 5-HT2A Receptor to the Cell
Periphery. MUPP1 could be detected in the dendritic shaft and spines of cultured cortical neurons ( Fig. S2 B and C) , and has been shown to interact with 5-HT 2A and 5-HT 2C receptors (28) . Indeed, in cultured rat cortical neurons, MUPP1 and 5-HT 2A receptors colocalized in the dendritic shaft, and in a subset of spines (arrowheads) ( Fig. 2A and Fig. S1C ). Since a number of G protein-coupled receptors (GPCRs) need an interacting partner for membrane expression (29, 30) , we hypothesized that MUPP1 may fulfill a similar role and may act as a scaffold for 5-HT 2A receptors and affect their trafficking. To test this, we transfected COS-7 cells with myc-tagged MUPP1 (myc-MUPP1) and f-5-HT 2A , individually or together, and examined their localization in fixed cells (Fig. 2 B-E) . Myc-MUPP1 expressed alone was associated with the cell periphery (p), along with Golgi-like structures (G) (Fig. 2B) . When expressed alone, most f-5-HT 2A immunofluorescence was detected in vesicular-like, intracellular structures (v) throughout the cell and in Golgi-like structures (G), and little was detectable at the cell periphery (p) (Fig. 2C) . However, when f-5-HT 2A was coexpressed with myc-MUPP1, enrichment of f-5-HT 2A immunoreactivity was detected at the cell periphery, likely at the plasma membrane, as illustrated by a line scan of f-5-HT 2A immunofluorescence across the plasma membrane and nearby cytoplasm ( Fig. 2 D and E) . In (Fig. S3 A-C) . However, mutating the PDZ binding motif to all alanine in 5-HT 2A -GFP-AAA significantly reduced this colocalization. These findings suggest the receptor PDZ-binding motif is required for MUPP1 and 5-HT 2A colocalization at the cell periphery.
5-HT2A Receptor Activation by DOI Causes a Transient Increase in Spine
Size. Previous studies have shown that 5-HT may inf luence synapse number and size; we therefore hypothesized that 5-HT 2A receptor activation inf luences dendritic spine morphology in cortical pyramidal neurons. To test this, we incubated GFP-expressing cultured cortical neurons (DIV 21) with the 5-HT 2 receptor-specific agonist (Ϯ)-2,5-dimethoxy-4-iodoamphetamine hydrochloride (DOI) (1 M) for a maximum of 60 min (Fig. 3A) . DOI treatment induced a transient increase in spine area, length, and breadth at (Fig. 3B) , or in the percentage of spines associated with bassoon puncta (Fig. S4  A and B) . Time-lapse imaging of neurons undergoing DOI perfusion (1 M) for up to 60 min showed a transient increase in spine size after 30 min, with a recovery to control size by 60 min (Fig. 3C) . A wide-field image of the cell after the 2-h imaging session showed that the cell did not undergo photodamage (Fig. 3D) .
5-HT2A
Receptor Activation by the Agonist DOI Enhances Phosphorylation of PAK. PAK is a molecular target of activated Rac, and is an important regulator of the actin cytoskeletal rearrangements that underlie spine remodeling. Activation of a Rac/PAK pathway induces larger spines (20) (21) (22) ; thus, we hypothesized that activation of 5-HT 2A receptors influences PAK signaling. We incubated cultured cortical neurons with DOI and examined phosphorylation of PAK on residue T423; phosphorylation at this site is indicative of activation by GTP-bound Rac1 or Cdc42 (31) . DOI treatment for 30 min resulted in a dose-dependent increase in PAK phosphorylation in cortical neuron homogenates, with maximal phosphorylation with 1 M (P Ͻ 0.05) (Fig. 4 A and B) . A time course of DOI treatment (1 M) resulted in a transient increase p-PAK immunofluorescence signal in dendrites and dendritic spines at 30 min, with a return of p-PAK signal to control levels by 60 min (30 min, P Ͻ 0.001) (Fig. 4 C and D) .
DOI-Dependent Spine Remodeling and PAK Phosphorylation Is Kalirin-7-Dependent. Kalirin-7 is a major regulator of Rac activity and PAK phosphorylation in mature cortical synapses. We hypothesized that kalirin-7 may be mediating the effects of 5-HT 2A receptor activation on PAK phosphorylation and spine morphology. 5-HT 2A receptors colocalized with kalirin-7 in a subset of spines of mature cortical neurons (Fig. 4E and Fig. S5A ). To test whether the transient increase in dendritic spine area and PAK phosphorylation were kalirin-dependent, we incubated neurons with a kalirin-interfering peptide (K7 int), which mimics the kalirin-7 C-terminal PDZ-binding motif and displaces kalirin-7 from the PSD, or a mutated control peptide (K7 mut) (Fig.  S5B) . We have previously characterized these peptides: neither peptide affects basal spine area 24 h after a 2-h incubation, but K7 int effectively blocks kalirin-7-mediated spine morphogenesis (20) . Pretreatment with K7 int prevented the DOI-induced increase in spine size, while K7 mut did not (Fig. 5 C and D) . In conclusion, 5-HT 2A receptor activation by the agonist DOI resulted in a transient increase in spine average area in cultured cortical pyramidal neurons, dependent on kalirin-7 association with the PSD.
Discussion
Evidence for the regulation of dendritic spine morphogenesis by neuromodulators is very limited. Recent studies suggest roles in modulating dendritic spine morphology for serotonin through 5-HT 4 receptors (32), dopamine through D1 dopamine receptors (33) , and estradiol through an unknown receptor (34) . Our data reveal a function for 5-HT 2A receptors in regulating spine morphology of mature cortical pyramidal neurons. Activation of 5-HT 2A receptors by DOI induced a kalirin-dependent, transient increase in spine size and enhances phosphorylation of PAK, suggesting a role for 5-HT in the regulation of spine plasticity in cortical pyramidal neurons and extending the list of receptors for neuromodulators that may play a role in regulating structural plasticity in the cortex (Fig. 5E) .
Our data are consistent with previous findings of 5-HT 2A receptor expression and localization in the brain. We found that 5-HT 2A receptors localized to the apical dendrites of cultured cortical pyramidal neurons and to a subset of dendritic spines and synapses. The majority of spines that contained 5-HT 2A receptors were classified as ''small'' (i.e., area less than 1.0 m 2 ). This population of 5-HT 2A receptor-containing small spines would be well prepared to make the most substantial contribution to the DOI-induced increase in spine size. Although it is most likely that the effects of DOI on dendritic spine remodeling and PAK activation are mediated by 5-HT 2A receptors based on their enriched expression in neocortical neurons (5, 25) , DOI may also activate 5-HT 2C receptors, which may contribute to the effects of DOI on spines.
The effect of DOI treatment on cortical spines was transient, with a peak in spine size at 30 min. This transient effect may be due to the nature of 5-HT 2A receptor signaling properties, including internalization or desensitization (35), a phenomenon observed for both agonists and antagonists of the 5-HT 2A receptor. Other factors that might contribute to the transient effect on spines are agonist metabolism or reuptake by monoamine transporters, feedback signaling that alters the GPCR activation state, termination of G protein signaling, termination of small GTPase signaling, or re- quirement of a secondary signal to stabilize the structural changes as a result of the signaling. The role of serotonin in modulating excitatory synapses in pyramidal neurons is just beginning to be defined. Colocalization of 5-HT 2A with GluR2 and NR1 in the dentate gyrus has been detected by ultrastructural studies (13) , and in the prefrontal cortex, 5-HT 2A receptor activity may function to modulate glutamatergic neurotransmission in pyramidal neurons (36, 37) . Importantly, kalirin-7 plays a role in the regulation of glutamatergic signaling in neurons by mediating AMPAR insertion at spiny synapses upon NMDAR activation (20) . Thus, several pathways downstream of the 5-HT 2A receptor may interact to regulate trafficking of both NMDAR and AMPAR, as well as kalirin-mediated structural changes. The spatial and temporal relationships between each of these pathways remain to be determined.
5-HT 2A receptor signaling rapidly modulates dendritic spine morphogenesis in cortical neurons in a kalirin-dependent manner. Kalirin-7 interacts with and is regulated by signaling complexes associated with NMDA receptors, N-cadherin, and EphB receptors via different PDZ scaffold proteins, such as PSD-95 and afadin/ AF-6, and it regulates dendritic spine morphogenesis and AMPA receptor trafficking in neurons (18) . Thus, kalirin-7 may act as a postsynaptic signaling hub by integrating multiple pathways and producing an output signal to regulators of the actin cytoskeleton in spines. However, kalirin-7's regulation by neuromodulators such as 5-HT has not been investigated. Here we show colocalization of kalirin-7 with both 5-HT 2A receptors and MUPP1 in dendritic spines of mature cortical neurons, where kalirin-7 is enriched. Additionally, we show that kalirin targeting at the postsynaptic density is required for DOI-induced dendritic spine remodeling and PAK phosphorylation. Our data suggest that 5-HT 2A receptors and kalirin-7 may be functionally linked, and that 5-HT signaling may modulate kalirin-7 activity at mature synapses and modulate synapse size in vivo. 5-HT may thus be another upstream regulator of kalirin-7, providing a neuromodulatory component to the signaling network that kalirin-7 integrates in spines.
The interaction of GPCRs with PDZ proteins is an important regulatory mechanism for the trafficking and signaling of these receptors (24, 25, 30) . Both 5-HT 2A and 5-HT 2C receptors interact with distinct PDZ proteins, determined by non-conserved residues just upstream of their canonical PDZ-binding motifs (38) . The C terminus of the 5-HT 2A receptor has been shown to interact with MUPP1 in vitro (28) , and several reports have demonstrated that the C-terminal PDZ binding motif of the 5-HT 2A receptor is required for its dendritic targeting, and interaction with PSD-95 is important for receptor trafficking and signal transduction (23) (24) (25) . In agreement with these previous studies, here we found that in cultured cortical neurons, 5-HT 2A receptors colocalize with both PSD-95 and MUPP1 in the dendrites and dendritic spines of cortical pyramidal neurons, and when coexpressed in COS-7 cells, MUPP1 facilitates the membrane targeting of 5-HT 2A receptors which can be prevented by mutating the receptor PDZ binding motif. Importantly, MUPP1 is a scaffold for a growing list of synaptic proteins that are involved in GPCR and small GTPase signaling (27, (39) (40) (41) . Our data, along with previous studies, are consistent with the roles of both MUPP1 and PSD-95 as protein scaffolds that may integrate signals through GPCRs at the synapse, provide avenues for crosstalk between signaling pathways, and function in the membrane localization of some receptors and signaling proteins. The interaction of 5-HT 2A receptors with two different PDZ proteins may reflect different functions of each interaction or distinct pools of the receptor within the dendritic compartment. Preferential binding of one PDZ protein over another may thus have profound effects on the trafficking or signaling patterns of 5-HT 2A receptors, diversifying the effects of 5-HT on a neuron.
The proteins in this pathway linking 5-HT to spine remodeling have been implicated in neuropsychiatric disorders by multiple lines of genetic, pharmacological, and neuropathological evidence. Disruption of 5-HT 2A receptor signaling is implicated in several prevalent psychiatric disorders (6) (7) (8) (9) (10) (11) , and the underlying effect of these alterations of serotonergic signaling may involve structural changes in synapses, which may alter neural circuits. Additionally, kalirin has reduced mRNA expression in the cortex of schizophrenia patients (42) , and MUPP1 has been genetically associated with drug withdrawal seizures (43) . Thus, the signaling pathway we describe here may be important in the pathogenesis of a number of psychiatric disorders.
Taken together, we report that 5-HT 2A receptor signaling influences synaptic structural plasticity in cortical pyramidal neurons via a kalirin-7-dependent mechanism. This signaling pathway may provide a link between the serotonergic system and the regulation of dendritic spine morphology, and may provide insight into neuropsychiatric disorders in which members of this pathway are implicated.
Methods
Reagents. The plasmid cDNA constructs encoding flag-tagged 5-HT2A (pCMVTag2B), 5-HT 2A-GFP-Ct, and 5-HT2A-GFP-AAA were generated and validated in the laboratory of Dr. Bryan Roth as previously described (23) . The plasmid encoding myc-MUPP1 (pME18S-MUPP1-7myc) was a gift from Drs. Shoichiro Tsukita and Yoko Hamazaki (Kyoto University). We also used pEGFP-N2 (Clontech). The polyclonal antibody recognizing kalirin-7 was described previously (19) . GFP polyclonal antibody was a gift from Dr. Richard L. Huganir (Johns Hopkins University). The polyclonal antibody for 5-HT 2A (Ab51) was generated by Dr. Bryan Roth (University of North Carolina) (44) ; and for MUPP1, by Dr. David Clapham (Harvard University) (27) . The following antibodies were purchased: PSD-95 monoclonal (Upstate), GFP monoclonal (Chemicon), myc monoclonal (University of Iowa Hybridoma Bank, Santa Cruz), Flag monoclonal (Sigma), phospho-PAK-T423 antibody (Cell Signaling), MUPP1 monoclonal (BD Transduction), 5-HT 2A monoclonal (PharMingen/BD Biosciences), actin monoclonal (Sigma), total PAK1 (Zymed), bassoon monoclonal (Stressgen).
Cell Cultures and Transfections. Dissociated cultures of primary cortical neurons were prepared from E18 Sprague-Dawley rat embryos as described previously (20) . See SI Methods for more details.
Agonist Treatments. Neuron cultures on coverslips or 60-mm dishes were maintained in presence of 200 M D,L-APV. Cells were then preincubated in ACSF (in mM: 125 NaCl, 2.5 KCl, 26.2 NaHCO3, 1 NaH2PO4, 11 glucose, 5 HEPES, 2.5 CaCl2, and 1.25 MgCl 2) with 200 M APV for 30 min at 37°C, and then incubated in ACSF ϩ APV ϩ 1 M DOI (Sigma) for 0, 15, 30, 45, or 60 min at 37°C, or with 0 nM, 10 nM, 100 nM, 500 nM, or 1 M DOI for 30 min. For peptide treatments, cells were incubated with 10 M of either K7 int or K7 mut in Neurobasal ϩ APV for 2 h, followed by a wash in peptide-free media, and incubated in culture medium overnight before DOI treatment. Coverslips or dishes were fixed and processed for immunostaining or lysed in RIPA buffer (in mM: 150 NaCl, 10 Tris-HCl pH 7.2, 5 EDTA, 0.1% SDS, 1% Triton X-100, 1% deoxycholate, plus protease and phosphatase inhibitors) for SDS/PAGE and Western blotting. Intensities of Western blot bands were quantified by densitometry using ImageJ (rsb.info.nih.gov/ij/).
Immunocytochemistry. Neurons were fixed in either 4% formaldehyde/4% sucrose PBS for 20 min, or in 100% methanol prechilled to -20°C for 15 min, as previously described (20) . See SI Methods for details.
Additional methods can be found in the SI Text.
